Introduction {#Sec1}
============

For aerobic organisms, cellular respiration is one of the most fundamental processes in which oxygen is used to generate energy from carbohydrates (oxidative metabolism). The cellular respiration involving electron transfer is known to be redox, i.e., both reduction and oxidation occurring simultaneously. The redox system involved is essential in maintaining cellular homeostasis through the balance between reactive species generation and elimination, and the redox signalling to and from mitochondria^[@CR1],[@CR2]^. Mitochondria produce significant amounts of reactive oxygen species (ROS) such as hydrogen peroxide (H$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}^{-}$$\end{document}$) during energy metabolism as well as oxidation. Cells can use ROS not only to kill invading pathogens, but also as a key regulator of various signalling pathways^[@CR3]^. Furthermore, mitochondria have a central role in energy metabolism including adenosine triphosphate (ATP) and adenosine diphosphate (ADP) production and exchange^[@CR4]^. The integrity of these mitochondrial functions is fundamental to cell life^[@CR2],[@CR3],[@CR5]^.

Cold atmospheric plasmas (CAPs) are weakly ionised gases at around atmospheric pressure, in which the electron energy is up to electron volt order while the heavy-particle temperature is around room temperature. Recently, CAPs have been widely applied in the field of biomedicine, such as blood coagulation^[@CR6]^, inactivation of bacteria, microorganisms or viruses^[@CR7],[@CR8]^, tumour or cancer treatment^[@CR9]--[@CR11]^ and induction of apoptotic/necrotic cell death^[@CR12],[@CR13]^. In these works, specific CAP effects on cells and biomolecules via various pathways have been extensively investigated. A number of works have suggested that a strength of CAPs is their ability to deliver multimodal treatments utilising the simultaneous and controllable delivery of electric fields, ions, photons and reactive oxygen/nitrogen species (RONS) both in the gas phase and liquid phase. In particular, the RONS has been implicated as a potential causative agent. ROS such as atomic oxygen, singlet delta oxygen molecules, ozone and hydroxyl radicals as well as H$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}^{-}$$\end{document}$ are known as highly reactive species. Some works have pointed out that CAP-induced intracellar ROS generation affects cell survival/death^[@CR11],[@CR14]^. RNS including nitric oxide (NO) and peroxynitrite (ONOO$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \psi $$\end{document}$) and also significantly influence cell survival and death^[@CR12],[@CR13],[@CR17],[@CR18]^. Table [1](#Tab1){ref-type="table"} shows the key factors of previous CAP experiments. One of the hypotheses derived from this context is that mitochondrial functions stimulated by CAP-induced RONS generation are critical to biological outcomes. However, a mechanistic understanding of how CAPs exerts their biological effects is still elusive.Table 1Key factors of some previous CAP experimental works. Potential causative CAP agent, the type of human cell used in experiments and major intracellular effects induced by CAP.CAP agentHuman cell typeMajor intracellular effectRef.H~2~O~2~PA-TU-8988T, U87MGH~2~O~2~ change, Apoptotic cell death^[@CR11]^H$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{2+}$$\end{document}$ change, Apoptotic cell death^[@CR13]^ROS, RNSHaCaTGSH change, Basolateral ATP release^[@CR17]^H$\documentclass[12pt]{minimal}
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To understand the precise cell functions underlying such effects, systematic biological-reaction models suitable for CAP studies are necessary. To date, various numerical models have been developed to study CAP-induced RONS agents and their multiphase interactions^[@CR19]^ in the gas phase^[@CR20]--[@CR23]^, in the liquid phase^[@CR24],[@CR25]^, at the gas--liquid interface^[@CR26],[@CR27]^ and with biological targets from macroscopic^[@CR28]--[@CR30]^ and microscopic viewpoints^[@CR31],[@CR32]^. Despite great progress being made in modelling studies, they have not been applied to intracellular biochemical processes. Significant gaps still exist in our knowledge of fundamental mechanisms that can bridge CAP physics and molecular biology.

The objective of this work is to propose an integrative systematic intracellular-level numerical model to gain new insights into CAP interactions with mitochondrial functions. Figure [1](#Fig1){ref-type="fig"} shows an essential mechanism of mitochondria considered in the present model. The model simulates a mitochondrial redox-mediated function and energy metabolism under the influence of CAP-originating RONS penetration. Specifically, the effects of external H$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{+}$$\end{document}$ as an oxidised NAD)-mediated biochemical network is kinetically solved through a time-dependent zero-dimensional simulation involving 23 biochemical agents and 26 reaction pathways. Two indexes are used to represent CAP-induced changes in parameters: H$\documentclass[12pt]{minimal}
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                \begin{document}$$\pm $$\end{document}$ 20 mV). The effects of CAP-induced stress on mitochondrial functions are quantified with particular emphasis on the rhythm and stability of ROS, the behaviour of NAD and the ATP/ADP metabolism. The knowledge on how the CAP-induced effects emerge from the whole biochemical dynamics will enable a realistic assessment of the importance of CAP active agents in cellular processes and biomedical outcomes.Figure 1Essential mechanism simulated in the present biochemical reaction model. The effects of externally applied CAP are illustrated. The functions of the cell membrane, cytosol and glycolysis are not taken into account.

Results {#Sec2}
=======

ROS perturbs redox homeostasis {#Sec3}
------------------------------

How CAP-induced reactive species perturb redox homeostasis is examined with particular emphasis on the mitochondrial ROS regulation activity. To understand the dynamics of the ROS regulation system and the influence of the external inflow flux of hydrogen peroxide ($\documentclass[12pt]{minimal}
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The first half of this paper focused on the intramitochondrial H$\documentclass[12pt]{minimal}
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As shown in Fig. [2](#Fig2){ref-type="fig"}, the concentrations of H$\documentclass[12pt]{minimal}
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The above-mentioned effects occur directly as a result of interactions between CAP-induced ROS generation and cells. In the second half of this paper, the change in transmembrane permeability induced by RNS is modelled as a secondary response to other CAP-induced stimuli. Furthermore, synergetic effects of ROS and RNS provided simultaneously are examined. Nitric oxide radicals rapidly react with O$\documentclass[12pt]{minimal}
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Mitochondrial respiration and ATP synthesis are not only regulated via the linked pathways of energy metabolism but also directly controlled by the NAD$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{+}$$\end{document}$/NADH ratio and oxygen concentration^[@CR36]^. As indicated by the reactions in Fig. [3(b,d,f,h)](#Fig3){ref-type="fig"}, NAD is closely linked with ROS and intermediates of the peroxidase reaction system^[@CR33],[@CR34],[@CR37],[@CR45]^. Figure [9](#Fig9){ref-type="fig"} shows the topology of the present biochemical network, to which graph theory is applied to analyse the network centrality^[@CR47]^. A directed graph consists of nodes representing species in reactions with its betweenness centrality as the circle size and edges starting from sources and ending at products of each reaction. The betweenness centrality is defined as the ratio of the number of shortest directed paths passing through a given node to that of all the directed shortest paths. The betweenness centrality represents the importance of roles as intermediates bridging between sources and products directly or indirectly. The species are categorised roughly in two groups; agents mainly functioning the TCA cycle and the membrane (upper area of Fig. [9](#Fig9){ref-type="fig"}) and agents in the ROS regulation system (lower area of Fig. [9](#Fig9){ref-type="fig"}). NADH and NAD$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{+}$$\end{document}$ are located between them and take high betweenness centrality values (their node sizes are largest), indicating that they are the most influential and consolidate the entire network. It is confirmed by network analysis that the model topology is consistent with the fact that the cellular redox state, especially the NAD redox state, is a primary control site in numerous biological processes.Figure 9Directed graph of the present biochemical reaction network. Nodes represent species in chemical reactions with its betweenness centrality value as the circle size. Edges start from sources and end at the products of each reaction. The CAP influences are indicated as external edges.

As predicted using the network topology \[Fig. [9](#Fig9){ref-type="fig"}\], the numerical results showed that $\documentclass[12pt]{minimal}
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It has been experimentally demonstrated that CAP irradiation induced the change in mitochondrial transmembrane permeability^[@CR12],[@CR17]^. Some works have shown that CAPs decreased $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \psi $$\end{document}$, the plot of the ROS passage changed from simple periodic oscillation to damped oscillation \[Fig. [8(c,d)](#Fig8){ref-type="fig"}\]. In a cell, the natural rhythm of NAD redox and ROS regulation was impaired. When a negatively regulated state (inherent homeostasis) turned into an irreversible state, overall cell functions were disrupted \[Fig. [8(e,f)](#Fig8){ref-type="fig"}\]. The CAP-originating RONS could synergetically manipulate critical cell functions and affect cell fate decisions.

Conclusion {#Sec6}
==========

The biochemical modelling and numerical simulation quantitatively clarified for the first time how cold atmospheric plasmas affect cell fate decisions by controlling the mitochondrial redox homeostasis and energy metabolism. The CAP-originating ROS and RNS synergetically affected the activities in the TCA cycle and oxidative phosphorylation involving the RC, the ATP synthesis machinery and the ROS regulation system in mitochondria. In particular, RONS stimuli crucially affected the behaviour of ROS oscillation, NAD redox and ATP to ADP conversion. One of the important quantitative findings was that the key factor for the change from cellular homeostasis to irreversibility was the balance between the CAP-induced H$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ dynamics. Furthermore, it was clearly demonstrated that the RNS-driven change in transmembrane permeability controlled the redox regulation system and ATP/ADP metabolism through NAD-mediated reactions. Such an interplay of CAP-originating RONS with mitochondrial functions may affect not only a single cell function but also further cell--cell interactions. The proposed computational approach is expected to make a strong contribution to the fundamental understanding of the biophysics of CAP--cell interactions by unravelling potentially synergetic effects between multiple agents, which may affect intracellular dynamics in other contexts. The CAP-induced mechanism described in this paper is likely to be a widely applicable principle on how cells achieve homeostasis or lose control of their functions against externally imposed disturbances.

Computational Methods {#Sec7}
=====================

A time-dependent zero-dimensional model for mitochondrial functions is developed on the basis of previously published works^[@CR33]--[@CR35],[@CR37],[@CR44],[@CR45],[@CR48]^. The biochemical reaction set treated here mainly consists of pyruvic acid oxidation, the TCA cycle, membrane reactions and peroxidase--oxidase reactions as a cellular ROS regulation function. The model is essentially built up through a combination of two different models developed in previous works^[@CR33],[@CR35]^. 26 elementary reactions among 26 biochemical agents are considered. The reaction pathways and the related rate constants are shown in Supplementary Table [S1](#MOESM1){ref-type="media"}. The list of agents, their abbreviations and initial and/or boundary conditions are shown in Supplementary Table [S2](#MOESM1){ref-type="media"}. This is a simplified model. For instance, although the mitochondrial respiratory chain includes transmembrane complexes I--IV in reality, these functions are assembled in the rate $\documentclass[12pt]{minimal}
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                \begin{document}$$m$$\end{document}$th species and the external rate source term, respectively. The numerical code solves the differential equation system using Gillespie's direct method, which is a stochastic simulation algorithm^[@CR50]^. For details of the numerical scheme, see the literature^[@CR33],[@CR35]^. The CAP influences (the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \psi $$\end{document}$ (constant in time) is set in the range of 130 mV (de-polarization) -- 150 mV (steady state polarization) -- 170 mV (hyper-polarization). The time step of 1.0 s is sufficiently shorter than the characteristic time of macroscopic behaviour of mitochondrial agents on which the present model focuses.
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